Nuclear factor kappa B (NF-jB), which exists as heterodimeric complexes composed of p50 and p65, has been shown to play an important role in cell survival processes. In the present study, we found for the first time that NF-jB has an ability to induce the ubiquitindependent proteasomal degradation of proapoptotic p73a. The activation of NF-jB in tumor necrosis factor a (TNF-a)-stimulated H1299 cells resulted in a significant reduction in the amounts of the endogenous p73a. Consistent with these results, TNF-a-mediated downregulation of p73a was observed in wild-type (WT) mouse embryonic fibroblasts (MEFs) but not in p65-deficient MEFs. Ectopic expression of NF-jB decreased a half-life of p73a by increasing its ubiquitination levels, and thereby inhibiting the transcriptional activity as well as proapoptotic function of p73a, whereas NF-jB had undetectable effects on p53. Immunoprecipitation experiments demonstrated that, under our experimental conditions, NF-jB does not bind to p73a in mammalian cultured cells. In contrast to WT p65, the COOH-terminal deletion mutant of p65 (p65DC) failed to reduce the expression levels of p73a, suggesting that NF-jB-mediated proteolytic degradation of p73a requires the transcriptional activity of NF-jB. Taken together, our present results imply that NF-jB-mediated degradation of proapoptotic p73 is a novel inhibitory mechanism of p73 that regulates cell survival and death.
Introduction
p73 and p63 share a significant amino-acid sequence similarity to p53, and exist as multiple isoforms arising from alternative splicing termed the TA variants (Kaghad et al., 1997; Yang et al., 1998) , or from alternative promoter usage termed the DN variants Melino et al., 2002; . Recently, it has been shown that p53 is also expressed as multiple variants (Bourdon et al., 2005) . These TA variants function in a manner similar to p53 by inducing G1 cell cycle arrest or apoptosis in certain cancerous cells through transactivating an overlapping set of p53/p73-responsive downstream effectors such as p21 WAF1 and BAX (Jost et al., 1997; Kaghad et al., 1997; Gressner et al., 2005) . Among these TA variants of p73, p73a has an extended COOH-terminal region including SAM (sterile a motif) domain and the extreme COOH-terminus. In marked contrast to p53, p73 is rarely mutated in human tumors despite an extensive search (Ikawa et al., 1999) . The initial genetic studies demonstrated that p73-deficient mice exhibit neurological defects, but do not develop any spontaneous tumors , suggesting that p73 does not function as a classical tumor suppressor. Intriguingly, Flores et al. (2002) found that the indirect contribution of p73 or p63 is required for the p53-dependent apoptosis. Thus, it is likely that p73 cooperates with p53 to induce apoptosis and/or exerts its proapoptotic activity in a p53-independent manner. DNp73, which lacks the NH 2 -terminal transactivation domain, has an oncogenic potential, and acts in a dominant-negative fashion toward wild-type (WT) p53 as well as p73 (Pozniak et al., 2000; . Pozniak et al. (2000) demonstrated that DNp73 is predominantly expressed in sympathetic neurons, and inhibits p53-dependent neuronal apoptosis. Of note, we and others found that p73 directly binds to the canonical p53/p73-responsive element within the DNp73 promoter region, and strongly upregulates the expression of its own negative regulator DNp73, indicating that there exists the negative feedback regulation of p73 by its transcriptional target DNp73 (Grob et al., 2001; Nakagawa et al., 2002; Zaika et al., 2002) .
p73 is kept at extremely low level in mammalian cells, keeping p73 in an inactive state. Previous studies revealed that p73 is induced to be accumulated in response to a wide variety of DNA-damaging agents (Irwin et al., 2003) . For example, cisplatin or ionizing radiation triggers phosphorylation of p73 at Tyr-99 mediated by nonreceptor tyrosine kinase c-Abl, increasing its stability at protein level and proapoptotic activity (Agami et al., 1999; Gong et al., 1999) . Alternatively, it has been shown that the prolyl isomerase Pin1 as well as the transcriptional coactivator Yes-associated protein YAP enhances p73 acetylation mediated by p300 in response to DNA damage, and thereby increasing p73 stability (Mantovani et al., 2004; Strano et al., 2005) . These observations suggest that the stress-induced chemical modifications of p73 play a critical role in regulating p73 stability and activity. Accumulating evidence strongly suggests that p73 protein level is regulated in a ubiquitin-mediated proteasomal degradation pathway (Balint et al., 1999; Lee and La Thangue, 1999; Bernassola et al., 2004) . Unlike p53, MDM2 binds to the NH 2 -terminal transactivation domain of p73 and inhibits its transcriptional activity but does not target p73 for ubiquitin-mediated degradation (Balint et al., 1999; Zeng et al., 1999) , implying that the protein stability of p73 is regulated through a pathway distinct from that of p53.
The activation of nuclear factor kB (NF-kB) has been shown to play an important role in the control of cell survival processes, which protects cells from a wide variety of apoptotic stresses (Beg and Baltimore, 1996; Van Antwerp et al., 1996; Wang et al., 1996 Wang et al., , 1998 . For example, camptothecin-mediated activation of NF-kB provides an antiapoptotic function (Huang et al., 2000) , and inhibition of NF-kB results in radiosensitization (Yamagishi et al., 1997) . Tumor necrosis factor alpha (TNF-a) activates the NF-kB-mediated cellular protective mechanism against the proapoptotic effect of TNF-a through the induction of the NF-kB-target genes that are involved in the inhibition of apoptosis (Beg and Baltimore, 1996; Van Antwerp et al., 1996; Wang et al., 1996) . In addition to the antiapoptotic effect of NF-kB, NF-kB also contributes to cellular transformation and oncogenesis. Consistent with this notion, constitutive high levels of NF-kB activity were detectable in various human tumors (Bayon et al., 2003) . Intriguingly, Wan and DeGregori (2003) reported that NF-kB promotes T-cell survival in response to antigenic stimulation through the downregulation of p73; however, the precise molecular mechanism behind the NF-kB-mediated reduction of p73 is less well understood.
In the present study, we have found for the first time that NF-kB activation promotes the ubiquitindependent proteasomal turnover of p73, and the transcriptional activity of NF-kB is required for the NF-kB-mediated degradation of p73. Our present findings provide an evidence that NF-kB-mediated degradation of p73 might be a novel inhibitory mechanism of p73 function.
Results

Ectopic expression of NF-kB decreases p73a level
We first asked whether NF-kB could affect the expression level of proapoptotic p73. To this end, p53-deficient H1299 cells were co-transfected with the constant amount of the expression plasmid for FLAG-p73a together with or without the increasing amounts of the HA-p65 plus HA-p50 expression plasmids. At 48 h after transfection, whole-cell lysates were prepared, and immunoblot analysis revealed that the expression level of FLAG-p73a is significantly reduced in cells coexpressing HA-p65 and HA-p50 in a dose-dependent manner (Figure 1a ). Under our experimental conditions, p73a mRNA level remained unchanged even in the presence of the exogenous HA-p65 and HA-p50. Similar results were also obtained in COS7 cells (Figure 1b) . Next, we examined the effect of ectopically expressed NF-kB on the endogenous p73. COS7 cells were cotransfected with or without the increasing amounts of the expression plasmids encoding HA-p65 plus HA-p50. At 48 h after transfection, whole-cell lysates were immunoprecipitated with the normal mouse serum (NMS) or with the anti-p73 antibody, followed by immunoblotting with the anti-p73 antibody. As shown in Figure 1c and d, the endogenous p73a was significantly decreased at protein level in the presence of the ectopically expressed HA-p65 and HA-p50.
NF-kB specifically downregulates p73a
We tested whether NF-kB could reduce the expression levels of the other p53 family members including p53 and p63. Figure 2a shows the domain structures of p53, p73a, p73b and p63a. Whole-cell lysates prepared from H1299 cells transiently co-transfected with the indicated combinations of the expression plasmids were analysed for the expression levels of FLAG-p53, FLAG-p73b and p63a. In a sharp contrast to p73a, the enforced expression of NF-kB had marginal effects on the levels of FLAG-p53, FLAG-p73b and p63a (Figure 2b-d) . Under our experimental conditions, NF-kB had undetectable effect on DNp73 (data not shown). These results strongly suggest that NF-kB-mediated downregulation is highly specific to p73a.
TNF-a-mediated activation of NF-kB results in a downregulation of the endogenous p73a We sought to examine whether the activation of the endogenous NF-kB could affect the expression level of the endogenous p73. H1299 cells stably transfected with the NF-kB luciferase reporter plasmid (Muta and Takeshige, 2001) were treated with TNF-a as indicated, and their luciferase activity was determined. As shown in Figure 3a -c, TNF-a treatment enhanced the NF-kBdependent transcriptional activation, and p65 as well as p50 translocated into cell nucleus in response to TNF-a as examined by immunoblotting and indirect immunofluorescence staining. As expected, immunoprecipitation experiments demonstrated that the expression level of the endogenous p73a protein is significantly reduced in response to TNF-a, whereas p73a mRNA level remained unchanged in cells exposed to TNF-a (Figure 3d ). TNF-a treatment had no significant effects on the viability of cells (data not shown). These results suggest that the TNF-a-mediated activation of NF-kB leads to a Functional interaction between NF-jB and p73 H Kikuchi et al reduction in the amounts of proapoptotic p73a at protein level. In contrast to TNF-a, cisplatin treatment had negligible effects on the transcriptional activity of NF-kB, and immunoprecipitation experiments revealed that the endogenous p73a is induced to be accumulated in cells exposed to cisplatin (Supplementary Figure S1) .
To confirm our hypothesis that the downregulation of p73a is dependent on NF-kB, we further investigated whether the expression level of the endogenous p73a could be altered in the absence of heterodimeric complex of NF-kB. To this end, we used mouse embryonic fibroblasts (MEFs) derived from p65 knockout mice (Figure 4a ) (Beg et al., 1995) . Whole-cell lysates were prepared from p65 knockout and WT MEFs exposed to TNF-a (20 ng/ml) or left untreated. Immunoprecipitation experiments demonstrated that TNF-a-mediated reduction of the endogenous p73a is observed in WT MEFs but not in p65 knockout MEFs (Figure 4b and c) , indicating that the presence of functional NF-kB complex is required for the downregulation of p73a.
NF-kB stimulates the ubiquitin-dependent proteasomal degradation of p73a To determine whether NF-kB could modulate p73a turnover, we sought to examine the half-life of p73a in the presence or absence of the exogenously expressed NF-kB using cycloheximide blockade. COS7 cells were . At 48 h after transfection, whole-cell lysates or total RNA were subjected to immunoblotting or RT-PCR analysis, respectively. Expression of FLAG-p73a, HA-p65 and HA-p50 was verified by the indicated antibodies. Actin was used to confirm that an equivalent amount of protein was loaded into each lane. For RT-PCR, ethidium bromide staining of GAPDH confirmed equivalent loading. (c and d) Downregulation of the endogenous p73a by the enforced expression of NF-kB. COS7 cells were co-transfected with or without the increasing amounts of HA-p65 and p50 expression plasmids. At 48 h after transfection, whole-cell lysates or total RNA were processed for the immunoprecipitation with the NMS or with the anti-p73 antibody, or subjected to RT-PCR, respectively. 
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H Kikuchi et al co-transfected with the constant amount of the expression plasmid for FLAG-p73a along with or without the constant amount of the expression plasmids encoding HA-p65 and HA-p50. At 24 h after transfection, cells were exposed to cycloheximide (100 mg/ml). At the indicated time points, whole-cell lysates were subjected to immunoblotting with the anti-p73 antibody. Consistent with the previous observations (Lee and La Thangue, 1999) , transiently expressed FLAG-p73a had a half-life of about 3 h ( Figure 5a ). When FLAG-p73a was co-expressed with HA-p65 and HA-p50, the degradation rate of FLAG-p73a was faster than that TNF-a-dependent downregulation of the endogenous p73a is observed in WT but not in p65 knockout MEFs. p65 knockout (b) and WT (c) MEFs were treated with TNF-a (20 ng/ml) for indicated time periods or left untreated. Whole-cell lysates were subjected to immunoprecipitation with NMS or with the anti-p73 antibody, followed by immunoblotting with the anti-p73 antibody.
Functional interaction between NF-jB and p73 H Kikuchi et al in cells expressing FLAG-p73a alone (a half-life of about 1 h). In addition, NF-kB had undetectable effects on the half-life of DNp73 (data not shown). According to the previous reports (Balint et al., 1999; Lee and La Thangue, 1999; Bernassola et al., 2004) , p73 protein level is regulated through the ubiquitin-mediated proteasomal degradation pathway. We then determined the effects of proteasomal inhibitor MG-132 on the expression level of p73a. As expected, proteasome inhibition resulted in a stabilization of FLAG-p73a (Figure 5b ). Of note, the addition of MG-132 blocked the NF-kB-mediated degradation of FLAG-p73a, indicating that NF-kB-mediated degradation of p73a is regulated at least in part through the proteasomal pathway. To ask whether NF-kB could affect the ubiquitination levels of p73a, COS7 cells were cotransfected with the constant amount of the HA-p73a expression plasmid and the expression plasmid for Histagged ubiquitin together with or without the increasing amounts of the expression plasmids for HA-p65 and HA-p50. After the treatment with MG-132 for 6 h, whole-cell lysates were prepared, and the ubiquitinated materials were recovered with Ni 2 þ -agarose beads followed by immunoblotting with the anti-p73 antibody. As shown in Figure 5c , ubiquitin-conjugated p73a was significantly increased upon the co-expression of HA-p73a with HA-p65 and HA-p50. Thus, it is likely that NF-kB mediates the ubiquitin-dependent proteasomal turnover of p73a.
NF-kB inhibits the transcriptional activity of p73a but not of p53
To evaluate whether NF-kB could influence the transcriptional activity of p73a, H1299 cells were co-transfected with the constant amount of the expression plasmid for FLAG-p73a, and the luciferase reporter construct controlled by the p53/p73-responsive element from the BAX or MDM2 promoter together with or without the increasing amounts of the expression plasmids for HA-p65 and HA-p50. At 48 h after transfection, the luciferase activities were measured. As shown in Figure 6a , co-expression of FLAG-p73a with HA-p65 and HA-p50 significantly reduced the p73a-mediated transcriptional activation of BAX and MDM2 promoters in a dose-dependent manner, and HA-p65 and HA-p50 had negligible effects on the reporter gene activities. Consistent with these results, RT-PCR analysis revealed that enforced expression of HA-p65 and HA-p50 inhibits the p73a-mediated transactivation of the endogenous BAX. In contrast, p53-mediated transcriptional activation was not affected in cells cotransfected with the HA-p65 and HA-p50 expression plasmids (Figure 6b ).
NF-kB inhibits the proapoptotic activity of p73a
To further confirm the inhibitory effects of NF-kB on the p73 function, we examined the possible effects of NF-kB on the proapoptotic activity of p73a. H1299 cells were co-transfected with the indicated combinations of the expression plasmids. At 48 h after the transfection, cells were fixed, stained with propidium iodide, and the numbers of cells with sub-G1 DNA content were measured. In accordance with the previous report (Jost et al., 1997) , expression of FLAG-p73a resulted in an increase in number of cells with sub-G1 DNA content (Figure 6c ). Co-expression of FLAG-p73a with HA-p65 and HA-p50 decreased number of cells with sub-G1 DNA content in a dose-dependent manner. Additionally, Figure 5 NF-kB-induced reduction of p73 is regulated by a ubiquitin-proteasome pathway. (a) NF-kB decreases a half-life of p73a. COS7 cells were co-transfected with the constant amount of the FLAG-p73a expression plasmid together with or without the expression plasmids for HA-p65 and HA-p50. At 24 h after transfection, cells were exposed to cycloheximide (100 mg/ml). At the indicated time points after the addition of cycloheximide, whole-cell lysates were analysed for FLAG-p73a by immunoblotting. Actin was used for equal protein loading. Densitometry was used to quantify the amounts of FLAG-p73a, which normalized to actin. (b) NF-kB-mediated degradation of p73a is blocked by proteasomal inhibitor. COS7 cells were transfected either with FLAG-p73a alone or with FLAG-p73a, HA-p65 and HA-p50. At 40 h after transfection, cells were treated with or without MG-132 (10 mM) for 6 h. Whole-cell lysates were subjected to immunoblotting with the anti-p73, anti-HA or with anti-actin antibody. (c) NF-kB increases the ubiquitination levels of p73. COS7 cells were co-transfected with the constant amount of the expression plasmids for HA-p73a and His-Ub together with or without the increasing amounts of the HA-p65 and HA-p50 expression plasmids. At 40 h post-transfection, cells were treated with MG-132 (10 mM) for 6 h. Whole-cell lysates were then prepared, and ubiquitinated materials were recovered by Ni 2 þ -NTA-agarose beads, followed by immunoblotting with the anti-p73 antibody.
Functional interaction between NF-jB and p73 H Kikuchi et al colony formation assays demonstrated that co-expression of FLAG-p73a with the increasing amounts of the HA-p65 and HA-p50 increases number of G418-resistant colonies as compared with that in cells expressing FLAG-p73a alone (Figure 6d ). Taken together, these results strongly suggest that NF-kB has an ability to inhibit the transcriptional activity as well as proapoptotic function of p73a.
NF-kB does not bind to p73a in cells
To investigate how NF-kB decreases the stability and activity of p73a, we examined whether NF-kB could bind to p73a. H1299 cells were co-transfected with the indicated combinations of the expression plasmids. At 48 h after transfection, whole-cell lysates were immunoprecipitated with the anti-FLAG or anti-HA antibody followed by immunoblotting with the anti-HA or anti-p73 antibody, respectively. As shown in Figure 7a , the anti-FLAG immunoprecipitates did not contain HA-p65 and HA-p50. Similarly, FLAG-p73a was not co-immunoprecipitated with HA-p65 and HA-p50 (Figure 7b ). Under our experimental conditions, FLAG-p73a was co-immunoprecipitated with MDM2 (data not shown), which was consistent with the previous reports (Balint et al., 1999; Zeng et al., 1999) . Thus, it is likely that NF-kB-mediated inhibitory effects on p73a might be indirect without a direct interaction between them.
Transactivation function of NF-kB is required for the downregulation of p73a
To determine the molecular mechanism by which NF-kB contributes to the degradation of p73a, we focused on the COOH-terminal transactivation domain of p65 ( Figure 7c ). We generated a deletion mutant of p65 (HA-p65DC), which retains a nuclear localization signal but lacks a COOH-terminal transactivation domain.
To assess the transactivation function of p65DC, we At 24 h after transfection, cells were selected with G418 (400 mg/ml) for 2 weeks. The number of G418-resistant colonies was scored.
Functional interaction between NF-jB and p73 H Kikuchi et al performed the luciferase reporter assay. As shown in Figure 7d , HA-p65DC alone failed to drive transcription from the NF-kB luciferase reporter, whereas two-to three-fold increase in the luciferase activity was detectable in cells expressing exogenous HA-p65DC and HAp50, which might be due to the complex formation between the endogenous p65 and HA-p50. We then examined the possible effects of HA-p65DC on the expression level of FLAG-p73a. H1299 cells were cotransfected with the indicated combinations of the expression plasmids, and whole-cell lysates were analysed for the expression level of FLAG-p73a by immunoblotting. As shown in Figure 7e , WT p65 significantly reduced the amount of FLAG-p73a, whereas HA-p65DC had an ability to stabilize FLAGp73a. Collectively, these results strongly suggest that the transactivation property of NF-kB is required for the degradation of p73a.
Discussion
In the present study, we have found for the first time that NF-kB promotes the ubiquitin-dependent proteasomal turnover of p73 in the absence of a direct physical interaction between them, and also demonstrated that the transcriptional activity of NF-kB is required for this process. In contrast, NF-kB had negligible effects on p53 and p63. Thus, it is likely that the NF-kB-mediated degradation of p73 contributes to the protection of cells from p73-dependent apoptosis. To our knowledge, this is the first report describing the detailed properties of the NF-kB-dependent inhibitory mechanism of p73 function. Genotoxic stresses increase the stability of p73 and enhance its proapoptotic activity in a pathway dependent on c-Abl (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) . Intriguingly, Kawai et al. (2002) reported that c-Abl phosphorylates IkBa at Tyr-305 to increase its stability, and thereby inhibiting the nuclear translocation and activation of NF-kB, suggesting that the inactivation of NF-kB contributes to the c-Ablmediated apoptosis. Additionally, it has been demonstrated that, during the cisplatin-mediated apoptosis in hepatocellular carcinoma cells, the downregulation of NF-kB transcriptional activity is correlated with the accumulation of p73 (Kim et al., 2004) . In contrast to the DNA-damaging agents that activate c-Abl, TNF-a treatment had undetectable effect on c-Abl (Kharbanda et al., 1995) . According to our present results, the activation of the endogenous NF-kB induced by TNF-a resulted in a significant decrease in the stability of p73a. Taken together, it is likely that c-Abl plays an important role in the regulation of NF-kB-mediated destabilization of p73. H1299 cells were co-transfected with the indicated combinations of the expression plasmids. At 48 h after transfection, whole-cell lysates were immunoprecipitated with the anti-FLAG (a) or with anti-HA (b) antibody, followed by immunoblotting with the indicated antibodies. Aliquots of whole-cell lysates were subjected to immunoblotting with the anti-FLAG or with the anti-HA antibody to monitor the expression levels of FLAG-p73a, HA-p65 and HA-p50 (right panels). (c) Schematic drawing of the full-length p65 and the COOH-terminal deletion mutant, p65DC. RHD, Rel homology domain; NLS, nuclear localization signal; TAD, transactivation domain. (d) p65DC lacks the transcriptional activity. H1299 cells were co-transfected with the NF-kB-responsive luciferase reporter plasmid and pRL-TK Renilla luciferase cDNA together with the empty plasmid, HA-p65 plus HA-p50, HA-p65DC plus HA-p50 or HA-p65DC. At 48 h after transfection, the luciferase activities were measured. (e) Downregulation of p73a is induced by the full-length p65 but not by p65DC. H1299 cells were co-transfected with the expression plasmid for FLAG-p73a together with HA-p65 plus HA-p50 or HA-p65DC plus HA-p50. At 48 h post-transfection, whole-cell lysates were processed for immunoblotting with the indicated antibodies. Actin was used to confirm that an equivalent amount of protein was loaded into each lane.
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Since we could not detect the physical interaction between NF-kB and p73a, NF-kB might regulate p73a stability through an indirect mechanism. Deletion analysis revealed that p65DC fails to reduce the amount of p73a, raising a possibility that the transactivation function of NF-kB might be required for the degradation of p73a, and that there could exist an unidentified E3 ubiquitin ligase(s) among the direct targets of NF-kB. Recently, Rossi et al. (2005) described that an HECT-type E3 ubiquitin ligase Itch binds to p73, and promotes its degradation through the ubiquitin-proteasome pathway. In contrast, Itch had no detectable effect on p53. Additionally, it has been shown that Jun kinase regulates the TNF-a-mediated apoptosis through the activation of Itch (Chang et al., 2006) . Although the examination of the human Itch promoter region showed the presence of several putative DNA-binding sites of NF-kB, the enforced expression of NF-kB or TNF-amediated activation of the endogenous NF-kB failed to induce the endogenous Itch as examined by RT-PCR (data not shown). Considering that p53 is targeted for ubiquitination not only by MDM2 but also by Pirh2 (Leng et al., 2003) , it is likely that an as yet unidentified E3 ubiquitin ligase(s) distinct from Itch might be involved in the NF-kB-mediated degradation of p73a.
Among p53 family members, the NF-kB-mediated reduction was highly specific to p73a. The protein stability of p53, p73b and p63a was unaffected by the enforced expression of NF-kB. Lee and La Thangue (1999) described that p73b is much more stable than p73a, suggesting that the unique COOH-terminal extension of p73a is critical for its stability. Recently, we found that RanBPM binds to the extreme COOHterminal region of p73a to inhibit its ubiquitination and thereby increasing its stability (Kramer et al., 2005) . However, RanBPM had undetectable effects on the stability of p53. Thus, it is possible that RanBPM might mask the p73a COOH-terminal lysine residues, which could be sites for ubiquitin ligation. Alternatively, the unique p73a COOH-terminal region could mediate the interaction with unknown cellular protein(s) required for the degradation of p73 induced by NF-kB. Of note, Wan and DeGregori (2003) found that NF-kB promotes T-cell survival by inhibiting the activation of p73 in response to antigenic stimulation. They described that NF-kB directly antagonizes the E2F-1-dependent upregulation of p73 transcription. The interpretation that NF-kB inhibits the transcription of p73 is contradicted by our present findings. In addition to the DNAdamage-induced stabilization of p73, p73 is regulated at mRNA level in response to certain apoptotic and differentiation stimuli. For example, p73 is transcriptionally induced by E2F-1 during the apoptotic response to T-cell receptor activation (Lissy et al., 2000) . Fontemaggi et al. (2001) found that p73 mRNA is upregulated by E2F-1 during muscle, neuronal and monocytic differentiation. Therefore, it appears that employment of the NF-kB-dependent transcriptional or post-translational mechanism to downregulate p73 is dependent upon the types of stimulation and/or cell types. The propensity of cells to survive or die is determined by the balance between proapoptotic and prosurvival signals. In this connection, NF-kB-mediated degradation of p73 is a novel mechanism that regulates cell survival and death in response to a variety of cellular stresses.
Materials and methods
Cell culture and transfection MEFs, and COS7 cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen, Grand Island, NY, USA), 100 IU/ ml penicillin and 100 mg/ml streptomycin. p53-deficient human lung carcinoma H1299 cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum and antibiotic mixture. Cultures were maintained at 371C in a water-saturated atmosphere of 5% CO 2 in air. For transfection, H1299 and COS7 cells were transfected with the indicated combinations of the expression plasmids using LipofectAMINE 2000 (Invitrogen) and FuGENE6 (Roche Molecular Biochemicals, Indianapolis, IN, USA), respectively.
Construction of the deletion mutant of p65 p65DC was generated by PCR-based strategy using the forward primer 5 0 -TAGAATTCGGGACGATCTGTTTCCC CTCATC-3 0 and the reverse primer 5 0 -TTCTCGAGTTAAA GGACTGGGGCAGAGGACGG-3 0 . Underlined nucleotides were EcoRI and XhoI restriction sites. Amplified fragments were digested with EcoRI and XhoI, and subcloned into the identical restriction sites of pCMV-HA expression plasmid (Clontech Laboratories, Palo Alto, CA, USA) to give pCMV-HA-p65DC.
Immunoblotting
Cells were washed twice with phosphate-buffered saline (PBS), lysed in buffer containing 25 mM Tris-Cl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1% Triton X-100 and protease inhibitor cocktail (Sigma Chemical Co., St Louis, MO, USA), and sonicated for 10 s followed by centrifugation at 15 000 r.p.m. for 10 min at 41C to remove insoluble materials. Aliquots of whole-cell lysates (25-50 mg) were boiled in the SDS-sample buffer for 5 min, loaded onto 8% SDS-PAGE, and electrotransferred onto Immobilon-P membranes (Millipore, Bedford, MA, USA). The membranes were blocked with TBS-T (50 mM Tris-Cl, pH 8.0, 100 mM NaCl and 0.1% Tween-20) containing 5% nonfat dry milk, and then incubated at room temperature for 1 h with the monoclonal anti-FLAG (M2, Sigma Chemical Co.), monoclonal anti-HA (12CA5, Roche Molecular Biochemicals), monoclonal anti-p73 (Ab-4, NeoMarkers, Inc., Fremont, CA, USA), monoclonal anti-p53 (PAb1801, Santa Cruz Biotechnologies, Santa Cruz, CA, USA), monoclonal anti-p63 (Ab-1, NeoMarkers), polyclonal anti-p65 (C-20, Santa Cruz Biotechnologies), polyclonal antip50 (H-119, Santa Cruz Biotechnologies), or with polyclonal anti-actin (20-33, Sigma Chemical Co.) antibody, followed by an incubation with corresponding horseradish peroxidaseconjugated goat anti-mouse or anti-rabbit secondary antibody (Cell Signaling, Beverly, MA, USA) for 1 h at room temperature. Protein bands were finally detected by enhanced chemiluminescence detection system (Amersham Biosciences, Inc., Piscataway, NJ, USA).
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Co-immunoprecipitation analysis
Equal amounts of whole-cell lysates were precleared with 30 ml of protein G-Sepharose (Amersham Bioscience). After centrifugation, the supernatant was incubated with the indicated antibodies at 41C for 2 h. The immunocomplexes were then incubated with protein G-Sepharose beads at 41C for 1 h, which were then pelleted by centrifugation at 15 000 r.p.m. for 5 min. The immunocomplexes were washed with the lysis buffer three times at 41C, denatured with an equal volume of 2 Â SDS-sample buffer, and analysed by immunoblotting with the desired primary antibodies.
RT-PCR
Total RNA was prepared by using RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's protocol. One microgram of total RNA was used to synthesize the first strand cDNA using random primers and a SuperScript II reverse transcriptase (Invitrogen). Reverse transcription was performed at 421C for 1 h, and the reverse transcripts were amplified by standard PCR with rTaq DNA polymerase (Takara, Ohtsu, Japan). The primers used for PCR were as follows: BAX, 
Subcellular fractionation
Cells were washed twice with PBS, lysed in lysis buffer containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.5% Nonidet P-40, and protease inhibitor cocktail for 10 min at 41C, and centrifuged at 3000 r.p.m. for 5 min at 41C to separate the soluble (cytoplasmic) from the insoluble (nuclear) fraction. The insoluble fraction was washed completely with the lysis buffer and resuspended in buffer containing 25 mM Tris-Cl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1% Triton X-100 and protease inhibitor cocktail. The nuclear and cytoplasmic fractions were then analysed by immunoblotting with monoclonal anti-Lamin B (Ab-1, Oncogene Reseach Products), or with monoclonal anti-a-tubulin antibody (Ab-2, NeoMarkers, Inc.).
Indirect immunofluorescence assay H1299 cells were seeded onto the glass coverslips, and treated with TNF-a (20 ng/ml) or left untreated for 1 h cells were then fixed with 3.7% formaldehyde for 30 min at room temperature, and permeabilized with 0.2% Triton X-100 for 5 min at room temperature. After cells were blocked with 3% bovine serum albumin (BSA) for 1 h at room temperature, they were incubated with the polyclonal anti-p65 or with the polyclonal anti-p50 antibody for 1 h at room temperature. The primary antibodies were detected with FITC-conjugated secondary antibody (Invitrogen) for 1 h at room temperature. Cell nuclei were stained with 4 0 6-diamino-2-phenylindole (DAPI) (Sigma Chemical Co.), and cells were observed under a Fluoview laser scanning confocal microscope (Olympus, Tokyo, Japan).
Luciferase reporter assay H1299 cells were co-transfected with 100 ng of the p53/p73-responsive luciferase reporter plasmid (BAX or MDM2), 10 ng of pRL-TK Renilla luciferase cDNA, and 25 ng of the expression plasmid for FLAG-p73a or FLAG-p53 together with or without the increasing amounts of HA-p65 and HA-p50 expression plasmids. At 48 h after transfection, cells were washed with PBS, and resuspended in passive lysis buffer (Promega Corp., Madison, WI, USA). Both firefly and Renilla luciferase activities were assayed with the dual-luciferase reporter assay system (Promega Corp.). The firefly luminescence signal was normalized based on the Renilla luminescence signal.
Protein decay rate analysis COS7 cells were co-transfected with the indicated combinations of the expression plasmids. At 24 h after transfection, cells were treated with cycloheximide (Sigma Chemical Co.) at a final concentration of 100 mg/ml. At the indicated time points after the treatment with cycloheximide, cells were harvested, and whole-cell lysates were processed for immunoblot analysis with the anti-p73 or with the anti-actin antibody. Densitometry was used to quantify the amounts of FLAG-p73a which normalized to actin.
Ubiquitination assay COS7 cells were co-transfected with the constant amount of FLAG-p73a and His-tagged ubiquitin, together with or without the increasing amounts of HA-p65 and HA-p50. At 48 h after transfection, cells were exposed to MG-132 (20 mM) for 6 h. Cells were then lysed in lysis buffer containing 6 M guanidine-HCl, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 , pH 8.0 and 10 mM imidazole. Ubiquitinated materials were recovered by Ni 2 þ -NTA-agarose beads (Qiagen), and subsequently analysed by immunoblotting with the anti-p73 antibody.
FACS analysis H1299 cells were co-transfected with indicated combinations of the expression plasmids. At 48 h after transfection, cells were washed twice with PBS, resuspended in 600 ml of a propidium iodide mixture containing 0.05% RNase, 0.25% Triton X-100 and 50 mg/ml of propidium iodide, and then incubated in the dark at 41C for 30 min. Prior to performing FACS analysis, cells were filtered through a 40-mm nylon mesh. Cells were then analysed using the FACScan system (Becton Dickinson, Mountain View, CA, USA) in conjunction with CellQuest software (Becton Dickinson).
Colony formation assay H1299 cells were co-transfected with indicated combinations of the expression plasmids. Total amount of plasmid DNA was kept constant (1 mg) with the empty plasmid. At 24 h after transfection, cells were selected with G418 (400 mg/ml) for 2 weeks. G418-resistant colonies were fixed in methanol, and stained with Giemsa's solution.
Abbreviations CHX, cycloheximide; MEF, mouse embryonic fibroblasts; NF-kB, nuclear factor kappa B; TNF-a, tumor necrosis factor a; Ub, ubiquitin.
